Purpose Female athletes have a significantly higher risk of sustaining an anterior cruciate ligament (ACL) injury than male athletes. Biomechanical and neuromuscular factors have been reported as the main cause. The purpose of this review was to critically review results of the published literature on gender differences regarding biomechanical and neuromuscular movement patterns during plant and cutting maneuvers. Results Biomechanical gender differences were of questionable clinical relevance. Quadriceps dominance was not found in women. Conclusion The question raises whether ACL injuries during plant and cutting maneuvers are purely gender related and whether women do have to move like men in order to reduce injury risk? Caution is warranted in making inferences as studies were heterogeneous in terms of subject and study characteristics and had low statistical power as a result of insufficient number of subjects. It is advised that future research moves beyond the isolated gender comparison and that larger sample sizes will be included. This review may aid in improving experiments to draw valid conclusions, in order to direct future ACL injury prevention programs, which might need to be more individualized.
Introduction
It has been demonstrated that in sports such as soccer, basketball and team handball, women have a 2.3-9.7 times higher risk of anterior cruciate ligament (ACL) rupture [1] [2] [3] . Approximately 38,000 ACL injuries occur in female athletics in the United States annually at an estimated medical cost of $17,00 per injury [4] . There is a low prevalence of knee OA for individuals with isolated ACL injury (0-13%) and a prevalence of knee OA between 21 and 48% for subjects with combined injuries [5] . The identification of risk factors and the development of prevention strategies therefore may have widespread health and economic implications. A significant amount of research has been conducted in order to determine strategies for injury prevention; yet, the incidence remains high [6, 7] . It appears therefore that the success of current ACL injury prevention programs may be in part limited due to an incomplete understanding of the true mechanism of injury. Poor biomechanical and neuromuscular control of the lower limb is suggested to be the major risk factor of an ACL injury mechanism in women [8] . Others have questioned a cause-and-effect relationship between those proposed risk factors and ACL injuries [9] . Psychological, environmental and hormonal and anatomical factors still need more research [10] . The plant-and-cut movement is one of the most common non-contact ACL injury mechanisms [11] [12] [13] [14] . Research related to this maneuver provides valuable information obtained during strenuous, sportsspecific activities. The purpose of this review is therefore to analyze the results of the literature regarding biomechanical and neuromuscular movement patterns during sidestep and cutting maneuvers, which could be used for the development of effective preventative programs to reduce ACL injuries.
Materials and methods

Literature search and selection
A literature search was performed to retrieve articles pertaining to the biomechanical and neuromuscular characteristics in healthy subjects during sidestep and crosscutting tasks. A combined search in PubMed (1966 to December 2008) , EMBASE (1947 to December 2008) and CINAHL (1981 to December 2008) was performed. A combination of the following search terms was used: group (1) ''sex characteristics'', ''sex factors'', ''gender bias'', ''sex difference''; group (2) ''electromyography'', ''biomechanics'', ''neuromuscular control'', group (3) ''leg'', ''hip'', ''knee'', ''ankle'' and group (4) ''task performance'', ''side*'', ''step*'', ''cross*'', ''cut*'', ''task*'', ''jump*'' and ''land*''. Groups 1, 2 and 3 were MeSH (PubMed) or subheadings (CINAHL/EMBASE), while the terms in group 4 were searched for in the title or abstract. In addition, a hand search was done on the reference lists in included articles. Inclusion criteria were as follows: (1) in vivo, human analysis; (2) written in English, German or Dutch; (3) biomechanical and/or neuromuscular analysis; (4) analysis of sidestep or cut preceded by running; (5) healthy, adult subjects (mean age 18 or older); (6) gender comparative cross-sectional design and (7) kinematic, kinetic and/or electromyographic (EMG) data reported in numbers. Studies were excluded if only an abstract was available. From the title and abstract, two authors of the current review (A.B. and A.G.) independently tracked the results of the searches to identify potentially relevant manuscripts for full review. These two were in agreement on each study's inclusion or exclusion.
Methodological quality assessment
The full text of the selected studies was retrieved, and the methodological quality of the studies was independently assessed by two observers (A.B. and A.G.). Quality was assessed by scoring for these items: (1) Inclusion and exclusion criteria mentioned (2 points = clearly defined, 1 point = inadequately defined, 0 points = not defined).
(2) Demographic information: age (mean and range, median or SD) and gender mentioned (2 points = clearly defined, 1 point = inadequately defined, 0 points = not defined). (3) Subject characteristics: activity level and sports of subject at the time of measurement reported (2 points = clearly defined, 1 point = inadequately defined, 0 points = not defined). (4) Groups were comparable at baseline (2 points = good comparability of groups or confounding adjusted for in analysis, 1 point = confounding small, mentioned but not adjusted for, 0 points = large potential for confounding, or not discussed). (5) Technical specification of measurements described in sufficient detail to permit replication of the test. Test device, number of trials, running speed, cutting angle (2 points = clearly defined, 1 point = inadequately defined, 0 points = not defined). (6) Test-retest reliability of measurement device(s) reported (1 point = yes, 0 points = no). (7) Outcome measures (2 points = clearly defined, 1 point = inadequately defined, 0 points = not defined). (8) Description of power analysis (sample size justification) for detecting gender differences (1 point = yes, 0 points = no). (9) Statistical analysis (2 points = details given, 1 point = inadequately details given, 0 points = no details given). (10) All included subjects measured, and if appropriate, missing data or withdrawals reported or explained and accounted for in the analysis (2 points = described for each group separately and impact on outcomes analyzed, or missing rate less than 5%, 1 point = incomplete description/analysis, 0 points = not analyzed or omission not justified). Therefore, the maximal possible score would be 18 points. The reviewers agreed on the answers to most of these questions. Disagreements were resolved by consensus of a third reviewer (G.S.F.).
Data abstraction and quantitative data synthesis
Data were extracted by the first author (A.B.). The variables of interest during the sidestep cutting maneuvers were as follows: EMG, kinematic and kinetic data of the hip, knee and ankle joints. Authors of the included studies were contacted when data were incomplete. Based on the number of subjects and the standard deviation (SD), an effect size (ES) calculation was conducted for each of the variables. Cohen's d values are reported as a measure of ES, where 0.2 B d B 0.5, 0.5 B d B 0.8 and d C 0.8 represent a small, moderate and large effect, respectively [15] .
Results
Methodological quality and study characteristics
The searches in MEDLINE, CINAHL and EMBASE revealed, respectively, 210, 150 and 282 studies of which 85 duplicates were removed leaving 557 studies. After reading the title and abstract of these 557 studies, 16 studies were eligible for inclusion and were assessed [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Based on the assessment, nine studies were excluded: three did not meet the age criteria [21] [22] [23] , three failed on the criteria for data reporting [21, 24, 29] , two did not meet the activity of interest [17, 19] , two did not meet the gender criteria [17, 18] and one did not report our variables of interest [28] . Therefore, a total of seven studies were included in the review [16, 20, 25-27, 30, 31] . The results of the methodological quality assessment and subject and study characteristics of these seven studies are presented in Tables 1 and 2 . On the methodological quality assessment scale from 0 to 18, the mean score was 14.4 (range 12-16). Kinematic, kinetic and EMG data and the results of the ES analysis are shown in, respectively, Tables 3, 4 and 5.
Kinematics and kinetics
Hip angles
One study showed greater peak hip flexion in women with an ES of 1.16 [26] . Both studies investigating hip abduction found smaller peak abduction of the hip for women, with the ES ranging from 0.87 to 0.90 [26, 30] . One of two studies examining hip rotation found women to have significant smaller peak internal rotation with an ES of 0.82 [26] .
Knee angles
No gender differences were found at initial contact (IC) for knee flexion, varus/valgus or internal/external rotation angles. In one of two studies [16, 26] , men had significant greater peak knee flexion with an ES of 0.68 [26] . Two out of three studies [16, 26, 30] found significant gender differences for peak knee valgus, however, only one of these two had a large ES, namely 0.99 [16] , in which women had greater values. One out of three studies [16, 26, 30 ] found significant gender differences for peak rotation, in which women showed smaller peak internal rotation of the knee, ES 0.87 [26] .
Ankle angles
One study examined ankle kinematics and found significantly greater peak pronation angles for women, ES -0.94 [26] .
Hip moments
No significant gender differences were found for any hip kinetic variables.
Knee moments
The external peak extension moment was smaller in women, with an ES of 0.93 [31] . Two out of three studies [30] [31] [32] found greater external peak knee valgus moments for women (ES 1.06-1.30) [31, 32] . No gender differences were found for knee rotation moments. As external joint loads could potentially move a joint into a detrimental position, we have indicated the external loads in Table 4 for clarification.
Neuromuscular control
Two studies examined EMG activity [16, 20] . For the mean amplitude (% maximum voluntary isometric contraction) measured, the vastus lateralis (VL) was more active in women for both the preparatory (ES -0.67) and the loading phase (ES -1.06). The gluteus medius was more active in the loading phase in women, with a moderate ES of -0.55. The short-time mean frequency (STMF, measure of the mean frequency of the EMG signal over time [33] ) at IC was lower in the VL (ES 0.99), the vastus medialis (VM) (ES 1.01) and biceps femoris (BF) of the women (ES 0.81). The STMF integrals (area under the curve) for the stance phase were lower in women for the VL (ES 1.23), the VM (ES 1.13) and the rectus femoris (ES 0.86). Lastly, the BF timing of peak total intensity occurred earlier before IC in women (ES 0.86), whereas the tibialis anterior timing of peak total intensity occurred later after IC (ES -1.21). No significant gender differences were found for the other EMG variables (STMF integrals for the prestance phase and total intensity at IC) or for the other muscles.
Discussion
Biomechanical gender differences were of questionable clinical relevance. Quadriceps dominance was not found in women during plant and cutting maneuvers. Furthermore, No differences in gender were found for knee kinematics. Overall, there is inconclusive evidence whether there are biomechanical and neuromuscular gender differences during these maneuvers.
Methodological quality
The methodological quality score ranged from 12 to 16. A specific checklist for the current topic of interest is not available to the best of the authors' knowledge. Therefore, a combined checklist composed based on the applicable items from other available checklists was made (Consort checklist, PEDro scale, QUADAS) [34] [35] [36] . It is recognized that the specific checklist used for the current review is not tested for its reliability and validity; however, the used checklists are well reported and accepted tools for quality assessments. To add more insight into the strength of the relationship between the variables of interest, the ES were also calculated. The ES ranged between -1.30 and 1.23. The studies were heterogeneous in terms of subject and study characteristics and had low statistical power as a result of insufficient number of subjects.
Kinematics and kinetics
Three studies reported on kinematics [16, 26, 30] and three on kinetics [30] [31] [32] . Nine studies (of which seven had an ES C 0.80) reported gender differences in hip, knee and ankle kinematics, whereas eight did not find any differences. The cutting angles varied between 35°and 60°, and the approach speed ranged from 3.04 m/s ± 5% to 5.5-7.0 m/s, which could explain in part the variability in results; an increase in approach speed of 0.3 m/s results in a 20% increase in maximum knee valgus moment [37] . The early deceleration phase of the cutting cycle is considered the time in which the majority of non-contact ACL injuries occur [11] . This is the point in the cutting cycle where a lot of force needs to be absorbed in a short time. Sharper cutting angles require greater deceleration. Assuming that the harder the cut, the greater the peak posterior GRFs, which results in more strain on the ACL [38] . In addition, sharper cutting angles probably result in a greater chance for injury, as the amount of external tibial rotation will be greater. Increasing the amount of external tibial rotation (from 5°to 13°in combination with a 8°valgus) results in ACL impingement [39] . This impingement mechanism was suggested as a cause in team handball players who commonly injured their ACL during valgus and external tibial rotation movements near full knee extension to moderate flexion [14] . Furthermore, lower extremity motions have been evaluated in women performing unanticipated cutting tasks with angles between 45°and 90° [40] . These researchers reported that hip internal rotation and knee internal rotation were increased during the 90°cut compared to the 45°unanticipated cut angle. Mean hip flexion was also greater in the 90°cut, indicating that the degree of cutting affects biomechanical variables. Interestingly, the same results have also been found in men [41] . The question remains therefore if the increase is gender related. Looking more in detail, all but two variables had fairly small differences in hip, knee and ankle angles, ranging from 0°to 6.5°. Peak hip flexion (women, smaller) and peak knee valgus (women, greater) were found to have a relatively large gender difference of 10.9°and 10.05°, respectively, in only two studies [16, 26] . It is interesting to note that the results of the knee valgus angle varied from study to study, conflicting results making it hard to substantiate evidence as often postulated. It can be argued whether the small gender differences in hip, knee and ankle angles are of any clinical relevance in relation to injury risk. For example, considering that knee joint mechanics [20] b Beaulieu et al. [16] are governed by a combination of underlying bony geometric, laxity and tissue factors (which themselves demonstrate a degree of sex dependence), it is questionable whether these 0°to 6.5°gender differences are truly representing increased injury risk in women, especially if one realizes the possible measurement error due to skin movement [42] [43] [44] .
On kinetics, how could external peak valgus moments ranging from 0.006 to 0.63 Nm/kg [30] [31] [32] be the reason why women rupture their ACL more frequently than men, if at least 94-Nm valgus load is needed to rupture an ACL [45] ? The highest valgus torque possible for women based on these numbers is 47.94 Nm (0.63 Nm/kg 9 76.1 kg) [32] , safely within the safe zone of 94 Nm. However these numbers are based on in vitro measurements, we do not know for sure how much load it takes to rupture the ACL in in vivo situations. Factors as e.g. notch width, ACL size, hormonal influences and the 3D force rates in relation to contact time need to be considered. Therefore, a combination of in vivo, in vitro and modeling techniques will lead to improved understanding of injury risk.
The SD of the hip adduction and knee valgus moments are quite large for both genders (Table 4) , the variance in this case seems therefore not to be gender specific. More important is which strategy is used by an individual athlete to get the hip, knee and ankle joints in the right direction with respect to the GRF. The actual load at the knee is comprised of multiple factors, such as orientation of the leg and the GRF. Currently, it is not known whether there are optimal levels of variability and whether deviations from these optimal levels increase the risk of injury [46] .
Neuromuscular control
There were only two studies of interest found on EMG patterns during running-and-cutting tasks [16, 20] . The two studies provided EMG variables at seven different instances during the task. There was a significant gender difference in four out of the seven variables for the VL activity, with one time an ES \ 0.80. Both men and women showed greater VL activity in two of the four variables. VM activity was significantly different between genders only two times, with women showing less VM activity in both variables (STMF at IC and STMF integral stance phase). Furthermore, RF activity was different only one time, with women showing less activity (STMF integral stance phase). Clearly, no statement can be made whether men or women show more pronounced quadriceps muscle activation during plant and cutting maneuvers. For the hamstrings, women showed less BF activity measured by STMF at IC and earlier BF activity measured by timing of peak total intensity (%). The outcomes do not seem to be related to the type of study (Hanson vs. Beaulieu) . Mean EMG (% MVIC) during the loading phase was found to be higher in women than in men [20] . Interestingly, EMG patterns of the quadriceps and hamstrings found in this review during plant and cut tasks are different than mostly found during purely 'sagittal directed' tasks like walking and vertical jumping in which quadriceps dominance and/ or less hamstring activity has been reported in women [4, 47] . Also, the EMG data in this review do not show the same results compared to a review by Hewett et al. [48] ; they did report women to have lower gluteal activity and increased quadriceps activation. The tasks included in the current review are different than (some of) the tasks analyzed by Hewett et al. This may indicate that neuromuscular differences may depend on the tasks examined.
Potential reasons for inconclusive results
Based on this review, biomechanical and neuromuscular gender differences during plant and cutting maneuvers remains inconclusive. The outcomes of the studies reviewed varied, even though we selected a specific task to study. The studies did score fair to good on the methodological quality assessment, but there was methodological heterogeneity ( Table 2 ) that might cause the lack of consensus across the studies. First, the sports level of the included subjects ranged from recreational level to NCAA Division I. Some studies included players at a variety of levels [16, 27, 31] or from a variety of sports [26, 27] . Considering the difference in epidemiology, gender differences should be analyzed in the same populations in which injuries occur.
In addition, different statistical methods were used and many studies had a low sample size (Table 2 ). Statistics and sample size have a great effect on results. The latter leads to low power and the risk of type II error. For example, if a difference of the means between two groups is considered clinically significant when it is greater than each group's standard deviation, at least 16 subjects are needed in each group to have 80% statistical power. Only the study by Hanson et al. had more than 16 subjects included in each group [20] .
Different motion analysis systems were used to collect data, and tasks were performed differently in the included studies that could explain variety in outcome.
Considerations and future research
This review study gives an objective overview of current research available on neuromuscular and biomechanical gender difference during plant and cutting maneuvers. The question raises whether ACL injuries during plant and cutting maneuvers are gender related. Differences were found, but what do these small differences mean from a clinical point of view? Do they truly represent increased injury risk in women? Does it mean women have to move like men in order to reduce injury risk? The continued isolated focus on gender has recently been questioned [49] . In the 2008 report of Research Retreat on ACL injuries, it was stated that ''it is time to move beyond the purely descriptive sex comparison studies that continue to dominate the literature and more critically examine the underlying causes for these differences and whether they truly reflect an increased injury risk for the physically active female''. Even though those descriptive studies provide us with valuable information, cause-and-effect relationships are still not fully understood [9] and inferring injury risk from such assessments is questionable. The examination of biomechanical and neuromuscular contributions to injury risk should not be isolated and should extend beyond an isolated gender focus. We need to realize that men still have the largest number of ACL injuries [50] . Each gender may have their own risk factors [51] . Adding computer modeling and in vitro measurements will complement biomechanical studies and simulating what occurs during the injury event gives important information to identify high-risk athletes [49] . Once this is better understood, more specific and individualized prevention programs can be developed. Frontal plane valgus collapse as well as sagittal and transverse plane biomechanical and neuromuscular factors contribute to ACL injury [10, 52] . Recently, the LESS score was introduced to quantify multiplanar landing mechanisms that could aid in our understanding of specific athletes at high risk [53] .
Conclusion
This review found that biomechanical and neuromuscular gender differences during cut and plant tasks show mainly small differences of which the clinical relevance can be questioned. However, it should be noted that the ES was inconsistent. This may indicate that future studies with higher statistical power may change the conclusions as drawn from the current review. It is therefore advised that research moves beyond the isolated gender comparison and that larger sample sizes will be included. Our results cannot be extrapolated to other type of tasks. This review adds to the literature as to how to improve on designing experiments to draw valid conclusions, in order to direct future ACL injury prevention programs.
